Introduction
Nitrate and nitrite are important intermediates in the biogeochemical cycling of nitrogen in natural water. 1, 2 Nitrate is an important environmental and human health analyte, and thus its detection and quantification are considered to be essential.
An excellent review on the detection and determination of nitrate and nitrite has recently been reported by Moorcroft et al. 3 There are various methods for the determination of nitrate, which have been reviewed in one of our recent papers, which describes the reaction of nitrate with dopamine and MBTH. 4 Various brucine procedures used for the determination of nitrate have been reported. [5] [6] [7] [8] Although these workers have improved the reliability of the brucine method, rigorously controlled conditions and rapid methods are still necessary. These deficiencies have prompted the authors to modify and improve the existing brucine methods. The other reagents reported for the determination of nitrate are N-(1-naphthyl)ethylenediamine dihydrochloride, 9 chromotropic acid, 10 crystal violet, 11 3,4-xylenol, 12 resorcinol, 13 silver 1,10-phenathroline 14 and N-phenylanthranilic acid, 15 which have certain limitations.
The present work is a modified and highly sensitive spectrophotometric method for the determination of nitrate in trace quantities of various water samples. The method is based on the reaction of nitrate ion with brucine and 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) in a sulfuric acid medium to yield a violet-colored product with the maximum absorption at 560 nm. The colored product is stable for over two days at room temperature (27˚C). Beer's law is obeyed in the nitrate concentration range of 0.02 to 0.2 µg cm -3 and the molar absorptivity at 560 nm is 5.012 × 10 5 l mol -1 cm -1 .
The detection limit is 0.015 µg cm -3 . The optimum reaction conditions, important analytical parameters and interference studies have been described. The results obtained by using the proposed method for the analysis of tap water, lake water, sewage water, river and rain water samples are much more highly sensitive than those obtained by the original brucine method.
Experimental

Instrument
A Jasco Model UVIDEC-610 spectrophotometer with 1.0 cm matched cells was used for electronic spectral measurements.
Reagents
Sodium nitrate, brucine sulfate and MBTH were obtained from Sigma (St. Louis, MO, USA). Sulfuric acid (AR) (free from nitrate and nitrite) was used. All other reagents were of analytical grade and deionized water was used throughout the experiment.
Solutions
A stock solution of nitrate was prepared by dissolving 1.371 g of sodium nitrate and diluting to 1 l to give 1000 µg cm -3 . Working solutions were prepared by suitable dilution to construct a calibration curve. 500 cm 3 of sulfuric acid (AR) was added to 125 cm 3 of double-distilled water to give a final concentration of 14.4 mol dm -3 of sulfuric acid. It was cooled before using and kept tightly stoppered to prevent the absorption of moisture. A brucine-MBTH reagent mixture was prepared by dissolving 1.0 g of brucine sulfate and 0.5 g of MBTH in hot water, cooled and made up to 100 cm 3 A modified and highly sensitive spectrophotometric method for the determination of nitrate in trace quantities in environmental samples is described. The method is based on the reaction of nitrate ion with brucine and 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) in sulfuric acid medium to yield a violet-colored product which is stable for over two days. The optimum photometric range for the determination of nitrate is 0.04 -0.16 µg cm -3 and the Sandell's sensitivity being 0.000279 µg cm -2 . The proposed method is applied to various water samples and the results indicate that the reaction is highly sensitive than the original brucine method.
(Received December 9, 2002; Accepted March 10, 2003)
Recommended procedure
An aliquot of a sample solution containing 1.0 to 10.0 µg of nitrate was transferred into a series of 50 cm 3 calibrated flasks. The volume of the test solution was restricted to 1.0 cm 3 ; 10 cm 3 of a sulfuric acid solution (14.4 mol dm -3 ) was added to each, followed by the addition of 5 cm 3 of brucine-MBTH reagent mixture with swirling. The solutions were allowed to stand for 10 min for the development of yellow color. When the solutions were made up to the mark with water, the yellow color turned to violet instantaneously, and was stable for 48 h. The absorbance was measured at 560 nm against the corresponding reagent blank in the same manner, but containing no nitrate, and a calibration graph was constructed.
Results and Discussion
Spectral characteristics
A violet-colored product with the maximum absorption at 560 nm was formed when nitrate is allowed to react with a brucine-MBTH reagent mixture in a sulfuric acid medium after diluting with water. A yellow-colored product with maximum absorption at 410 nm was formed when nitrate was allowed to react with brucine only in an acid medium. The absorption spectra of the yellow and violet-colored products and also the reagent blanks are shown in Fig. 1 . The optical characteristics and the precision data are given in Table 1 .
Optimization of reaction conditions
The effect of a brucine-MBTH reagent mixture was studied by using a fixed nitrate concentration. Varying the reagent mixture over the range of 4 -6 cm 3 was necessary to achieve the maximum color intensity. Hence, 5.0 cm 3 of a brucine-MBTH mixture was selected for further studies. For excellent results, the volume of a sulfuric acid solution needed for the maximum color development was kept in the range of 5 -15 cm 3 . Hence, 10 cm 3 of a sulfuric acid solution was fixed as the reaction medium. At a higher acid concentration, the color intensity decreased. Other mineral acids were tested and found to be unsatisfactory. The order of addition of the reactants should be followed, as mentioned in the recommended procedure.
Color stability
Under the optimized conditions, 10 min was sufficient for completing the reaction to give the yellow color, which changed to violet instantaneously after the addition of water, and remained stable for 48 h. The absorbance values remained constant in the temperature range of 10 -70˚C. At temperatures above 70˚C, the absorbance values decreased, indicating dissociation of the colored product.
Precision and accuracy
The precision of the proposed method was ascertained from the absorbance values of the actual determinations of five replicates of fixed amounts of the nitrate sample. The percentage relative standard deviation was calculated by the proposed method. To determine the accuracy of the proposed method, different amounts of samples containing nitrate were taken within the Beer's law limits and analyzed by the recommended method. The results are given in Table 1 .
Effect of foreign ions
Since the method was developed mainly for the analysis of water samples, the effect of foreign species at the levels commonly present in tap water, river water and tank water were studied. The tolerance limits shown in Table 2 are the concentration of foreign species that cause a ± 2.5% error in the determination of 0.1 µg cm -3 of nitrate by this method. 
Application
The proposed method was used to determine nitrate in tap water, river water, tank water and waste water samples collected from different sources. Natural or waste water samples were collected from aqueous effluents (after secondary treatment) from the pollution control board of Mysore city. Wastewater samples were filtered, and 1 cm 3 of the filtrate was transferred into a 50 cm 3 calibrated flask and analyzed by the recommended procedure. Mercuric chloride (1 cm 3 of 1%) was used to remove any sulfides or iodides that may have been present in water before analysis. Rain water samples were collected in polythene bottles and stored below 5˚C prior to analysis to prevent possible reduction to nitrite by microorganisms. For the analysis of a rain water sample, 10 cm 3 of rain water was pipetted into a two-necked round bottom flask and evaporated nearly to 1 cm 3 dryness on a hot plate. Then, the recommended procedure was followed.
The results of the analysis are given in Table 3 and a comparison with the brucine method is also given.
Conclusion
The present modified method is much more sensitive than the brucine method as well as majority of other methods. The rapid color development, excellent Beer's law curve, reproducibility and freedom from interference by a large group of foreign ions are advantages of the method. The method requires neither extraction nor heating. 
